Introduction
The normal way to generate X-rays is to bombard a metallic target with electrons, which is called a hot cathode X-ray tube. In such an X-ray tube, electrons emitted from the thermal filament are accelerated toward the target, and X-rays are produced when slowed down in the target. However, in the present study we could observe X-ray emission without supplying thermal electrons.
Peisach et al. 1 reported that the X-ray emission spectra of fluorides were abnormally strong in PIXE (particle induced Xray emission) measurements. This was due to a charge-up, or electrification, of the target materials, 2, 3 and thus the X-rays emitted under such a condition were not the X-rays excited by ions, but excited by electrons. 4 This charge-up effect was reported more than thirty years ago by Terasawa. 5 He had ascribed this enhancement effect to charge build-up in insulating materials. Besides, he suggested that it would be possible to generate X-rays only by electrifying an insulator, without the bombardment of charged particles. On the basis of his assumption, he obtained a Japanese patent 6 on a device of Xray emission only due to the electrification of a solid insulator. In his patent, he said that X-ray emission took place in charged point on the insulator where the potential was built up with a narrow electrode. However, no reports have been made so far concerning the fact that the device produced X-rays, and the mechanism has not yet been reported, except for the present authors' Japanese report. 7 In the present work we report on an X-ray emission device using the charge-up effect and that the electrification produces strong X-rays.
Experimental
In order to charge up a small point of an insulator under a vacuum, a needle-shaped electrode (metal Cu, diameter 1.5 mm) and a plate electrode (metal Cu) were set opposite to each other in a vacuum chamber, as shown in Fig. 1 . A solid insulator (NaCl) was inserted between the electrodes, and a voltage of up to ±3 keV DC was applied. The gap between both electrodes was 8 mm. The needle-shaped electrode was covered by Teflon, except for the contact point, so as not to discharge elsewhere but for the contact point. The tip of the needleshaped electrode was sharpened so as to minimize the contact point. The plate electrode was electrically grounded.
Sodium chloride (99.9% purity) was employed as a solid insulator, because the 1s absorption edges of Na and Cl are smaller than 3 kV, which was the maximum voltage of the power supply in the present study. NaCl powder was pressed into a briquette (diameter 13 mm and thickness 8 mm) and placed between the electrodes.
Emitted X-rays were detected by a solid state detector, EG & G ORTEC Si(Li) SSD (solid state detector). X-ray detection window of the SSD was introduced into the vacuum chamber and set 30 mm distance from the contact point, which was distant enough not to discharge. A filament (taken from a 100 V light bulb) was placed in the vacuum chamber to supply Terasawa reported strong X-ray emission from charged-up insulators, and proposed an X-ray production device only using the electrification. We constructed a similar device and studied the conditions of X-ray emission. It was shown that X-rays could be produced without supplying electrons from a filament. thermal electrons. The voltage applied to this filament was varied with a transformer from 0 to 100 V AC.
Using this equipment, we investigated the charge-up effect on X-ray emission from the insulator under various vacuum conditions (1 × 10 -5 Torr). We also tried to apply 3 kV to the electrodes without a solid insulator, such as discharge tubes. A vacuum of between 0.03 and 0.04 Torr was the best condition to emit the strongest X-rays, which had already been reported in Ref. 7 (not treated in the present report). (a) In air, ±3 kV was applied to the contact point, and the filament did not supply any electron (Fig. 2a) . X-rays were not emitted under this condition. Because of a slight leakage of electricity, adequate electrification has not achieved. (b) Same as (a), but under a vacuum (Fig. 2b) . X-rays were not emitted under this condition, too.
Results and Discussion
(c) Under a vacuum, a tungsten filament was placed in front of the charged point on the solid insulator, and to a needleshaped electrode was applied +3 kV (Fig. 2c) . In this condition we observed strong X-ray emission. X-rays were emitted for a few minutes immediately after once a spark discharge between the solid insulator and the tip of the electrode had occurred with 40 V of applied voltage to the filament. The X-ray intensity was then gradually decreased.
A series of phenomena beginning with a spark discharge, as mentioned above, took place at irregular intervals (from 3 s to 5 min). With a increase of the filament voltage, the intervals of the spark discharge became shorter, and were at last continuous with 70 V filament voltage. The measured spectrum is shown in Fig. 5a .
(d) To a needle-shaped electrode was applied -3 kV; the other experimental arrangements were the same as in (c) (Fig. 2d) . Upon applying up to 70 V of filament voltage, X-rays were emitted steadily without any spark discharge. The increase in the filament voltage caused a spark discharge, followed by Xray emission, like (c). The measured spectrum is shown in Fig.  5b .
(e) To clarify the effect of NaCl, -3 kV was applied to the needle-shaped electrode without a solid insulator (Fig. 2e) . Xrays were not generated without a filament. When the filament voltage was up to 100 V, a spark discharge took place, followed by X-ray emission. As long as the voltage was applied to the filament, spark discharges occurred one after another in irregular intervals, and X-rays were continuously emitted. It is striking that even after the filament current was switched off, Xrays were still emitted. This X-ray emission continued for several minutes, and stopped after the next spontaneous spark discharge. This fact indicates that X-rays are emitted without a hot filament. This remarkable X-ray emission without a hot filament can be rationalized as follows. The needle-shaped electrode does not emit electrons at first. However, once electrons are supplied from the hot filament to the vacuum chamber, then the electrons are accelerated by the strong electric field in the vicinity of the needle shaped electrode, and consequently reach the plate electrode. Once an electron path is formed between the two electrodes, the work function of the needle-shaped electrode is reduced, and consequently the electrons are emitted from the needle-shaped electrode. The Xrays emitted after the switch-off originate from bombardment of the plate electrode by electrons supplied by the field emission of the needle-shaped electrode, or electrons existing in the vacuum. Figure 6 shows a representative X-ray spectrum obtained from this condition. This spectrum was measured after the filament current was switched off. The profile of this spectrum resembles that of Fig. 5a .
In summary, we confirmed in the present study that Terasawa's device really emits X-rays when equipped with an electron source to induce X-ray emission. Various electric 879 ANALYTICAL SCIENCES JULY 2005, VOL. 21 Fig. 2e . This spectrum was recorded after the filament current was switched off. discharge phenomena associated with X-ray emission have been observed. The present report was a concise English summary of a part of Ref. 7 , which was originally presented and submitted to the Proceedings of the 14th International Conference on Application of Accelerators in Research and Industry, 8 Denton, Texas 1996, but failed to be published. It was updated for the present special issue of Analytical Sciences. The low vacuum between 0.03 and 0.04 Torr showed a more remarkable effect of X-ray emission, as already reported in Ref. 7 . This was mostly because a part of residual gas was ionized and accelerated by the electric potential, and consequently supplied more electrons by the bombardment of the residual ions onto the electrified insulator.
